Introduction
============

Osteosarcoma (OS), also known as osteogenic sarcoma, usually arises during an adolescent growth spurt, and has the highest incidence of primary malignant bone tumours worldwide [@B1]-[@B3]. The five-year survival rate of patients with non-metastatic disease is around 60-70%; however, prognosis is significantly worse in patients with metastases. [@B4], [@B5] Unfortunately, in approximately 80% of OS patients, malignant tumour cells have spread to other organs at the time of diagnosis. [@B6] Thus, future OS treatment depends on therapeutic strategies based on a thorough understanding of the disease. Following increasing attention to the molecular mechanism of OS progression, a wide range of current research is attempting to establish the potential biological pathways related to new therapeutic approaches. [@B7]

Originally, the accepted central dogma was that after DNA is transcribed into messenger RNA (mRNA), gene information is then ultimately translated into proteins which control all cellular functions. However, a growing amount of recent research has indicated that non-coding RNAs play important roles in both normal physiological processes and disease progression, including malignant tumours. [@B8] Long non-coding RNAs (lncRNAs) are defined as non-coding transcripts, which are expressed in differentiated tissues or specific malignant tumour types, have no protein-coding potential, and comprise more than 200 nucleotides. [@B9]-[@B11] Recent studies indicate that lncRNAs participate in malignant tumour genesis and metastasis, including of OS. [@B12], [@B13]

Originally, metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), part of the lncRNA family, was found to be a reliable lncRNA biomarker of lung cancer. [@B14] Subsequently, increasing evidence demonstrated a positive correlation between the expression level of MALAT1 and the disease progression of OS. [@B15] It was therefore concluded that MALAT1 could enhance OS cell proliferation and migration. [@B16]-[@B18] However, opinions still vary greatly regarding the detailed mechanism of the involvement of MALAT1 in OS progression, and more in-depth research is needed.

In colorectal cancer patients, research indicates that MALAT1 might interact with the enhancer of zeste homolog 2 (EZH2) and participate in potential transcriptional regulation. [@B19] Furthermore, research demonstrates that MALAT1 can inhibit the expression levels of E-cadherin and promote the expression levels of β-catenin. [@B20]-[@B22] In fact, E-cadherin negatively regulates β-catenin signalling by forming a β-catenin/E-cadherin complex at the cell surface; and down-regulation of E-cadherin leads to enhanced β-catenin signalling via disruption of formation of the β-catenin/E-cadherin complex. [@B23], [@B24] Hence, we assume that MALAT1 is involved in the progression of OS by dramatically enhancing the β-catenin signalling pathway. The latter specifically involves simultaneous up-regulation of the expression of β-catenin and disruption of the re-location of β-catenin onto the cell membrane.

In the present study, we used a modified small interfering RNA (siRNA), with enhanced stability and potency *in vivo.* [@B25] This was used to inhibit OS progression by blocking the aberrant activation of β-catenin signalling, and to explore its therapeutic mechanism, in order to exploit a new therapeutic strategy to cure OS.

Materials and Methods
=====================

Cell Culture
------------

MNNG/HOS, one of the most widely-acknowledged human OS cell lines [@B26], [@B27], was kindly provided by the Cell Bank (Chinese Academy of Sciences, Shanghai, China) and used in this study. MNNG/HOS cell lines were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% foetal bovine serum (FBS; Thermo Fisher Scientific) in a humidified 37°C incubator with 5% CO~2~.

RNAi
----

Ambion® In Vivo Pre-designed siRNA for MALAT1 (siMALAT1; siRNA ID: n511399) and Ambion® In Vivo Negative Control siRNA (siCtrl) were purchased from Thermo Fisher Scientific. For *in vitro* transfection the siRNA (final concentration: 50 nM) was combined with Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Thermo Fisher Scientific) following the manufacturer\'s instructions. For *in vivo* transfection the siRNA was combined with Invivofectamine™ 3.0 Reagent (Invitrogen) in accordance with the manufacturer\'s instructions.

Inhibitor
---------

GSK343, a highly-specific inhibitor of EZH2, [@B28], [@B29] was purchased from Selleckchem (Houston, TX, USA). The concentration used in this study was 10 μM. The disposition and usage were in accordance with the recommendations made in the appendant handbook.

RNA isolation and reverse transcription (RT)-polymerase chain reaction (PCR)
----------------------------------------------------------------------------

Total RNA extraction with TRIzol Reagent (Invitrogen), followed by cDNA synthesis using a TransScript All-in-One First-Strand cDNA Synthesis SuperMix (Transgen Biotech, Beijing, China), was performed in accordance with the manufacturer\'s guidebook and as described previously. [@B30] PCR was performed using a Bio-Rad PCR instrument (Bio-Rad, Hercules, CA, USA) with 2×Taq PCR Master Mix (Solarbio, Beijing, China) following the manufacturer\'s instructions.

The primers for the PCR procedure are described below:

MALAT1-FOR: 5\'-GCA TTT TGG GAT GGT CTT AA-3\'

MALAT1-REV: 5\'-CAG CGG TAC ACT CCT TCT CT-3\'

GAPDH-FOR: 5\'-GGG AAG GTG AAG GTC GGA GT-3\'

GAPDH-REV: 5\'-GGG GTC ATT GAT GGC AAC A-3\'

Polyacrylamide gel electrophoresis (PAGE)
-----------------------------------------

PAGE analysis of the PCR products was performed using a pre-formed PAGE gel (Solarbio) following the instructions provided in the handbook. The sample preparation procedure was performed using 10,000× SYBR Green I, sterilized deionized water and 6× DNA Loading Buffer (all from Solarbio) following the manufacturer\'s instructions. After electrophoresis at 150 V for 40 minutes, the gel was photographed using a Gel Doc™ XR+ system (Bio-Rad).

Cell Counting Kit-8 (CCK-8) assay
---------------------------------

Cell counting kit-8 was purchased from Dojindo Molecular Technologies (Kumamoto, Japan). After transfection with siRNA or siCtrl for 24 hours, a total of 5 × 10^3^ cells per well were seeded into a 96-well plate and cultured with or without GSK343. A blank group served as control without cells. On days zero, one, two and three, 10 μL CCK-8 solution was added to each well, and the absorbance at 450 nm was measured using a microplate reader after one hour of incubation at 37°C. Throughout the process, the inhibitor group was cultured in medium containing the inhibitor. The difference in optical density value (OD) between the sample group and the blank group, which is proportional to the living cell number, was calculated.

Migration assay
---------------

After transfection with siRNA or siCtrl for 48 hours with or without GSK343, a total of 5 × 10^5^ cells per well were seeded onto the upper surface of the upper chamber of 8 μm transwell plates (Corning, Corning, NY, USA). The individual steps were performed as described in a previous study. [@B30] After incubation for 6 hours, the insert was stained with 0.5% crystal violet before the stained cells were observed under an optical microscope.

Annexin-V/propidium iodide (PI) assay using flow cytometry (FCM)
----------------------------------------------------------------

For the study of the apoptotic process, flow cytometry with Annexin-V and PI double staining is a well-received method. [@B31], [@B32] An annexin V-FITC early apoptosis detection kit (Cell Signalling Technology, Danvers, MA, USA) was used in this study, in accordance with the manufacturer\'s guidebook.

Immunoblotting and antibodies
-----------------------------

The separate extraction of membrane proteins, cytoplasmic proteins and nuclear proteins was performed using the Subcellular Protein Fractionation Kit for Cultured Cells (Thermo-Fisher Scientific) according to the detailed instructions provided by the manufacturer. The detailed procedures of western blotting were as described previously [@B33]. The primary antibodies used in this study, including E-Cadherin, β-Catenin, Na/K-ATPase, GAPDH, Histone H3 and c-Myc, were purchased from Cell Signalling Technology (CST; Boston, MA, USA).

Nude mouse transplantation tumour assay
---------------------------------------

The nude mouse transplantation tumour assay is a well-recognized model for observing the outcome of oncotherapy. [@B27], [@B34] Male nude mice, aged approximately 6 weeks, were kept in an SPF-grade pathogen-free animal laboratory with laminar flow equipment and 12 hour light-dark cycles. All experimental and animal care procedures were approved by the Animal Research Ethics Committee of Shanghai Sixth People\'s Hospital and performed in accordance with the *Interdisciplinary Principles and Guidelines for the Use of Animals in Research, Testing, and Education by the New York Academy of Sciences*, *ARRIVE (Animal Research: Reporting of In Vivo Experiments) Guidelines*, and the *National Institutes of Health guide for the care and use of Laboratory animals*.

Heterotransplantation of MNNG/HOS was performed by subcutaneous injection of 5 × 10^6^ MNNG/HOS cells around the left side of the neck. Seven days after injection, when OS tumours had reached approximately 3 mm^3^, mice were randomly divided into two groups (n = 5 per group). On days 7, 12 and 17 after inoculation, intra-tumour injections were performed with siCtrl (10 mg/kg) or siMALAT1 (10 mg/kg) after siRNAs were mixed with Invivofectamine™ and diluted using normal saline.

Twenty-one days after inoculation, the mice were sacrificed before the tumours were carefully dissected. The samples were embedded in paraffin and sectioned as described previously. [@B30]

Histological staining and immunofluorescence staining in paraffin sections
--------------------------------------------------------------------------

The detailed procedures of hematoxylin-eosin (HE) staining and immunofluorescence staining were as described previously [@B30], [@B33].

The primary antibodies used for the immunostaining of paraffin sections were Ki67 (Abcam, Cambridge, MA, USA), cleaved-caspase-3 (CST) and β-catenin (CST).

Statistical analysis
--------------------

Data are described as means ± standard deviation (SD). The statistical significance of differences between means was evaluated by one-way analysis of variance (ANOVA). Statistical analysis was performed using RStudio (Boston, MA, USA). Statistical significance was defined as *P* values \< 0.05.

Results
=======

The MALAT1/EZH2 axis participates in OS cell proliferation, migration, and cell survival *in vitro*
---------------------------------------------------------------------------------------------------

The expression level of MALAT1 was measured by PAGE using the products of RT-PCR. We confirmed that the expression level of MALAT1 was dramatically higher in MNNG/HOS, a human osteosarcoma cell line, than in human bone marrow stem cells (BMSCs), normal bone marrow cells with osteogenic potential (Fig. [1](#F1){ref-type="fig"}A).

In preparation for the subsequent experiments, the efficiency of siMALAT1 was confirmed and it was demonstrated that siRNA suppressed the expression of MALAT1 with satisfactory efficiency (Fig. [1](#F1){ref-type="fig"}B).

To confirm that the MALAT1/EZH2 axis is essential in the progression of OS, we used siMALAT1 and GSK343, a highly-specific inhibitor of EZH2, [@B28], [@B29] to block the MALAT1/EZH2 axis and observe the influence on activity representative of malignant tumour progression, including proliferation and migration, using CCK-8 assay and Transwell® assay. We found that blocking the MALAT1/EZH2 axis dramatically inhibited both the proliferation (Fig. [1](#F1){ref-type="fig"}C) and migration (Fig. [1](#F1){ref-type="fig"}D) of MNNG/HOS cells, signifying that MALAT1 is a potential target for the gene therapy of OS.

Since the tumour microenvironment has an extremely low supply of serum components caused by the uncontrolled proliferation of malignant tumours, serum starvation can be used to simulate this barren microenvironment and thus observe the special mechanisms involved in the anti-apoptotic action of malignant tumours. [@B35] After 48 hours of serum starvation, a large proportion of MNNG/HOS cells were able to tolerate this barren simulated tumour microenvironment, while blocking the MALAT1/EZH2 axis could lead to maladjustment (Fig. [1](#F1){ref-type="fig"}E).

The expression and re-localization of β-catenin are regulated by the MALAT1/EZH2 axis *in vitro*
------------------------------------------------------------------------------------------------

When considering the triangular relations among EZH2, E-cadherin and β-catenin, we assumed that MALAT1 could promote the expression level of β-catenin and, beyond that, increase the effectiveness of β-catenin by inhibiting the expression level of E-cadherin and consequently decreasing the proportion of E-cadherin-binding β-catenin.

After blocking the MALAT1/EZH2 axis, the expression level of β-catenin and c-Myc, a downstream mediator of β-catenin, was significantly decreased, as expected. Furthermore, the expression level of E-cadherin, which was once suppressed by the MALAT1/EZH2 axis, increased noticeably (Fig. [2](#F2){ref-type="fig"}A).

The membrane proteins, cytoplasmic proteins and nuclear proteins were extracted for analysis. GAPDH was used as a sign of contamination by cytoplasmic proteins. Na/K-ATPase was used as a specific marker of surface protein, while histone H3 was used as a specific marker of nuclear protein. It is significant, and very encouraging, that β-catenin was translocated onto the membrane along with the increase of E-cadherin (Fig. [2](#F2){ref-type="fig"}B).

siMALAT1 prevents OS progression by participating in OS cell proliferation, migration and cell survival *in vivo*
-----------------------------------------------------------------------------------------------------------------

Our results proved that siMALAT1 could achieve the desired effects *in vivo*. The tumour size was significantly smaller in the siMALAT1 group than in the control group (Fig. [3](#F3){ref-type="fig"}A).

The *in vivo* proliferation rate of OS cells was evaluated after Ki67 immunofluorescence staining and results showed that siMALAT1 dramatically decreased the proliferation rate of OS cells*in vivo*, consistent with the *in vitro* results (Fig. [3](#F3){ref-type="fig"}B).

The level of spontaneous apoptosis induced by the barren microenvironment was also much higher in the siMALAT1 group than in the control group (Fig. [3](#F3){ref-type="fig"}C).

Even more interestingly, the distribution of β-catenin was located on the cell surface in the inactive state in the siMALAT1 group, while the β-catenin was distributed among cytomembrane, cytoplasm and nuclei in the other groups (Fig. [3](#F3){ref-type="fig"}D).

Discussion
==========

There are still many unknowns regarding the principal understanding of OS biology, including indistinct aetiology, lack of biomarkers and rapid metastasizing potential. [@B36] Although there are several current treatment strategies, including surgical resection with pre- and post-operative chemotherapy, radiation, chemoembolization, angio-embolization, thermal therapy, radiofrequency catheter ablation and cryotherapy, the therapeutic outcome has remained disappointing. [@B37]-[@B39] OS presents a rigorous challenge to etiological treatment, but it is highly possible that future therapies will be established based specifically on genetic engineering, even based on the epigenetic regulation in which non-coding RNAs such as lncRNA play a role.

MALAT1, a lncRNA, has been reported several times in various types of malignant tumours. [@B40] However, understanding of its crucial function remains limited and more in-depth research is needed. Initially, we confirmed the high expression of MALAT1 in human OS compared to normal osteogenic tissue. However, we also confirmed that MALAT1 plays the most important role in the progression of osteosarcoma, being involved in proliferation, migration and anti-apoptosis, in line with previous reports. [@B21] Furthermore, we confirmed that MALAT1 could influence the expression level and re-localization of β-catenin via the MALAT1/EZH2 axis. MALAT1 can certainly increase the expression level of β-catenin, and inhibit its re-location onto the cell surface via the reduction of E-cadherin, which binds and inhibits β-catenin. [@B41]

Polycomb repressive complex 2 (PRC2), which contains EZH2, could perform transcriptional inhibition through methylation of lysine 27 of histone H3 (H3K27). [@B42] During embryonic development, EZH2 has a vitally-important role. [@B43] There are numerous reports of the overexpression of EZH2 in numerous solid tumours including prostate cancer, melanoma and ovarian cancer, while tumour progression can be inhibited by targeting EZH2. [@B44]-[@B46] In this study, we show that EZH2 is abnormally activated by the high expression of MALAT1. While directly inhibiting EZH2 suppresses the progression of OS, it can also cause haematological diseases, including myelodysplastic syndromes (MDS), myeloproliferative neoplasms (MPN), and MDS/MPN overlap disorders. Hence, it could be a more effective and safe therapeutic strategy to target MALAT1, which causes the abnormal activation of EZH2, instead of directly blocking EZH2.

The core transducer of canonical Wnt signalling is β-catenin, which associates with TCF/LEF transcription factors, or with other gene modulators related to several developmental and pathological processes. [@B47], [@B48] However, how the activation of β-catenin is regulated remains a mystery. In the classical theory of canonical Wnt signalling, when there is no Wnt ligand binding to Frizzled and its co-receptor LRP5 or LRP6, β-catenin would be phosphorylated by GSK-3β and degraded by proteasomes after ubiquitination. Meanwhile, in the opposing situation, in the presence of Wnt ligand, the phosphorylation of β-catenin would be inhibited and free β-catenin would accumulate and translocate into the nucleus. [@B49], [@B50] Moreover, it cannot be ignored that the expression of E-cadherin could inhibit the function of β-catenin through the sequestration of β-catenin, and there is even evidence indicating that only the presence of the cytoplasmic domain of E-cadherin is needed for the E-cadherin-mediated inactivation of the expression of genes downstream of β-catenin.[@B51] In the present study, we observed that changes in the expression of downstream genes of β-catenin are much more significant than the changes in the total expression of β-catenin. In addition, when proteins were extracted from the membrane, cytoplasm and nucleus, we found that the E-cadherin-related re-localization contributed significantly to the changes in β-catenin function.

In various types of malignant tumours, there is a negative correlation between the expression level of E-cadherin and tumour metastasis. [@B52] Furthermore, losing or diminishing the expression of E-cadherin usually means poor differentiation, manifesting as highly-invasive and metastatic tumours. [@B53] The cadherin-mediated cell-cell junction could inhibit the invasive ability of malignant tumour cells. [@B52], [@B53] It has been reported previously that the highly-invasive subtype of OS exhibits a loss of E-cadherin. [@B54] Additionally, in our highly-invasive OS cell line, MNNG/HOS, the levels of migration and invasion are very high due to the low expression of E-cadherin. [@B55] In the present study, the loss of E-cadherin could be rescued by inhibiting MALAT1. Therefore, MALAT1 is likely to be key to the treatment of highly invasive tumours, including OS.

Interestingly, we observed that the MALAT1-induced loss of E-cadherin further induced the uncontrolled activity of β-catenin. It has long been reported that there is an abnormal activation of canonical Wnt signalling, which is β-catenin-dependent and could lead to the promotion of proliferation and anti-apoptotic ability in human OS cells [@B56], [@B57]. Combining this with our findings, it is very likely that the abnormal activation of β-catenin-dependent Wnt signalling can be attributed to the loss of E-cadherin caused by the MALAT1/EZH2 axis. When treated with siMALAT1 in the present study, the expression level of c-Myc, a downstream mediator of β-catenin/TCF signalling, significantly decreased along with the decrease in proliferation and anti-apoptotic ability.

Selective *in vivo* gene silencing technology using siRNA has been extraordinarily useful in exploring the mechanisms of a large number of human diseases.[@B58] In this study, we used siRNA of MALAT1 to reveal that the \'evil backstage manipulator\' of highly-malignant OS is abnormal expression and localization of β-catenin caused by the MALAT1/EZH2 axis. This present study will encourage follow-up studies to further use smart nanoparticles [@B59], [@B60] more effectively and provide targeted delivery of siMALAT1 not only to primary foci but also to metastatic sites via systemic administration. Off-target effects are a widespread phenomenon caused by tools for the regulation of gene expression, including siRNA [@B61] or sgRNA (in TALEN [@B62] and CRISPR/Cas9[@B62], [@B63]). Ambion® Pre-designed siRNAs are pre-designed and pre-verified to have low off-target effects compared to self-designed siRNAs, and, in previous studies, they have been used as the one single siRNA for one target [@B64]-[@B66], although a pool of siRNA is needed when using self-designed siRNA. Moreover, we believe that therapeutic strategies targeting MALAT1 will show further improvement and maturity in the future.

The microenvironment of malignant tumours is extremely lacking in serum components, because of uncontrolled proliferation. [@B35] Hence, we used serum starvation to investigate the effect of this low-nutrient microenvironment on OS cells. We also found that siMALAT1 could promote cell apoptosis not only in the simulated environment *in vitro* but also *in vivo*. Thus siMALAT1 could not only inhibit the progression of OS but also cause self-destruction of the cells deep within the tumour. This would afford an opportunity for clearance of OS cells from the body\'s immune system, and would enhance the effectiveness of chemotherapy. When combined with nanoscale delivery systems, including liposomes [@B67], [@B68], polymeric nanoparticles [@B69], extracellular vesicles [@B32], [@B70], [@B71] or other nanoparticles [@B72]-[@B75], siMALAT1 will be a smarter therapeutic strategy in the future.

Conclusions
===========

In summary, the results of the present research suggest that chemically-modified siRNA of MALAT1 can be puissant and ground-breaking in OS therapy, as any new therapeutic strategies or adjuvant therapies of existing chemotherapy will be better able to inhibit the progression of OS.
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![**The MALAT1/EZH2 axis participates in OS cell proliferation, migration, and cell survival *in vitro*. (A)** The expression level of MALAT1 in MNNG/HOS and BMSCs detected by PAGE. **(B)** The efficiency of siMALAT1 detected by PAGE.**(C)** The proliferative ability measured by CCK-8 assay. \**P* \< 0.05 compared to siCtrl.**(D)** Migration ability measured by Transwell® assay.**(E)** The apoptotic rate of MNNG/HOS cells after different treatments following 48 h serum starvation, measured by flow cytometry with Annexin-V/PI staining.](jcav09p0071g001){#F1}

![**The expression and re-localization of β-catenin are regulated by the MALAT1/EZH2 axis *in vitro*. (A)** Total protein level of MNNG/HOS cells after different treatments, measured by western blotting.**(B)** Separate extracts of membrane proteins, cytoplasmic proteins and nuclear proteins analysed by western blotting.](jcav09p0071g002){#F2}

![**siMALAT1 prevents OS progression by participating in OS cell proliferation, migration and cell survival *in vivo*. (A)** Gross photo of the tumour. Scale bar: 10 mm. **(B)** *In vivo* proliferation rate of OS cells observed using Ki67 immunofluorescence staining. Scale bar: 100 μm. **(C)** The*in vivo* apoptotic rate of OS cells observed using cleaved-caspase-3 immunofluorescence staining. Scale bar: 100 μm. **(D)** The *in vivo* distribution of β-catenin in cells, observed using β-catenin immunofluorescence staining. Scale bar: 100 μm.](jcav09p0071g003){#F3}
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